The ex situ population of the Przewalski's horse (Equus ferus przewalskii) is not self-sustaining (20% % foaling rate), and the demography is skewed toward aging individuals with low gene diversity. We designed the present study to gain a better understanding of the reproductive biology of the Przewalski's mare and to determine whether age and gene diversity influenced reproductive function. Urine samples were collected 3-7 days/wk from 19 mares from May to September, and ultrasound examinations of follicular structures were performed 3 days/wk for 5 wk from May through July in nine individuals. A high proportion of mares exhibited abnormal (endocrine, 5 [26.3% %] of 19; follicular, 2 [22.2% %] of 9) or acyclic (endocrine, 4 [21.1% %] of 19; follicular, 3 [33.3% %] of 9) reproductive patterns. In four cyclic mares, estrous cycle length was 25.1 6 1.2 days, with 12.2 6 0.9 days of diestrus. Follicles in cyclic mares grew 1.2 6 0.6 mm per day and ovulated after reaching 40.4 6 8.9 mm. Mares with a high coefficient of inbreeding excreted reduced levels of mean urinary estrogens (r 2 ¼ 0.476, P , 0.05), but age had no significant impact on reproductive patterns in this population. Overall, these data suggest that longterm genetic management of this population is necessary to maintain reproductive fitness.
INTRODUCTION
The Przewalski's horse (Equus ferus przewalskii) is the last truly wild horse in existence today. Once native to the Gobi Desert, the Przewalski's horse is now considered critically endangered, with nearly 2000 animals living in captivity and in reintroduction sites in Mongolia, China, and Kazakhstan [1] . The current population is descended from only 14 founders captured from the wild between 1899 and 1947. The species was declared extinct in the wild in 1970 by the International Union for Conservation of Nature [1] . Recent conservation and reintroduction efforts have increased the number of individuals in the wild to 325 in Mongolia and 123 in China. As a result, the status of this species has recently been upgraded to ''Critically Endangered'' [1] .
Because there are no new founders available from the wild, the captive population serves as a genetic reservoir or source population for the reintroduced populations in Asia [2] . Mean kinship is used to prioritize breeding pairs and maximizes gene diversity in the ex situ population [2] . However, current gene diversity in the population is only 78.8%, which is significantly lower than the average for all managed mammal species (93%) [2] . When gene diversity falls below 90% of that in the founding population, it is expected that reproduction could be compromised because of neonatal mortality and decreased birth weights [2] [3] [4] . Most research on inbreeding and fertility has been conducted in males, and decreased genetic heterozygosity has been linked to decreased sperm quality [3, 5, 6] . However, it has been recently shown that genetic mutations in females also lead to lowered fertility [7, 8] . For instance, polycystic ovarian disease, which causes subfertility in women, may be due to an allelic variant [7] .
One challenge associated with ex situ management of the Przewalski's horse population is that some founders are now overrepresented [2] . In the North American population, the average mean kinship is 0.21, which indicates that each animal shares genes with 21% of the population [2] . As a result, gene diversity has been decreasing in this managed population. Ideally, all animals in a population should be able to reproduce and produce offspring. However, this is not the case for the North American population of the Przewalski's horse. From 2006 to 2008, there were 42 breeding pairs in the North American ex situ population, and an average of eight foals produced a year [2] . The net result is that of 105 animals, an average of 11 animals (3 stallions and 8 mares) contributed to offspring each year. This small effective population size (i.e., the actual proportion of reproducing animals [9] ) in the Przewalski's population has contributed to loss of genes and genetic drift, which can potentially impact reproductive fitness of the species. To date, there has been no research on the effect of gene diversity on reproduction in the Przewalski's horse.
Because the current captive population in North America is skewed toward older animals [2] , it is suspected that agerelated fertility issues may also be prevalent. Currently, the average age of breeding mares in the North American population is 12.6 yr (range, 2-23 yr), and 54% of breeding mares are older than 10 yr [2] . Based on historical records, it is estimated that a 12-yr-old Przewalski's mare will likely produce one foal every 2 yr, whereas a 6-yr-old mare would be expected to give birth to one foal each year [2] . During the past 5 yr, an average of 8 surviving foals have been produced from 40 breeding pairs per year (20% foaling rate) [2] -a rate significantly lower than the annual foaling rate of 50%-60% observed in the domestic horse [10, 11] .
Assisted breeding, especially artificial insemination (AI), has been used as a tool to genetically manage ex situ populations of many wildlife species, such as the giant panda (Ailuropoda melanoleuca) [12, 13] , African elephant (Loxodonta africanus) [14] , Asian elephant (Elephas maximas) [15] , Eld's deer (Cervus eldii) [16] , and scimitar-horned oryx (Oryx dammah) [17] , among others. However, success required preliminary efforts to establish baseline information on reproductive patterns in females, including seasonality, length of reproductive cycle, and the timing of ovulation. To date, there is limited information on the reproductive physiology of the Przewalski's mare.
Urinary estrogen excretion was previously used to assess estrous cycles in Przewalski's mares that were studied during a 19-mo period [18] . Specifically, estrogen excretion patterns confirmed reproductive seasonality for individuals maintained in North America, and the onset of estrous cycles occurred coincidentally with increasing day lengths (April to August). Additionally, copulations coincided with the peak midcycle estrogen excretion of a 24-day ovarian cycle, and there was evidence of increased estrogen in mid to late gestation, which was presumed to be indicative of placental function.
Thus far, there have been no systematic studies that combine gonadal hormone patterns with follicular development data in the Przewalski's horse. Because this population has no new founders in the wild, the focus of this study is to characterize reproductive traits and to also determine the effects of decreased heterozygosity on reproductive cycles. To date, there is limited research that has described follicular traits in relation to urinary hormones, and there are no studies that have linked these traits to inbreeding. Therefore, the goal of this study was to compare reproductive-endocrine patterns with direct ovarian assessments obtained by rectal ultrasonography. The objectives were to: 1) longitudinally assess urinary estrogen and progestogen metabolites; 2) describe follicular changes in relation to urinary hormone metabolites; and 3) determine the influence of age and mean kinship on reproductive parameters. Therefore, the hypotheses of this study were: 1) that differences exist in follicular changes and endocrine profiles between fertile and subfertile mares; and 2) that mare age and genetic factors due to inbreeding impact reproductive cycles.
MATERIALS AND METHODS

Animals
All procedures performed were approved by National Zoological Park's and the Wilds' Animal Care and Use Committees. Nineteen Przewalski's mares (ages 3-27 yr) were included in the present study. Twelve mares were housed at the Smithsonian's Conservation Biology Institute (SCBI) near Front Royal, Virginia (38.888W, 78.178N), and the remainder (n ¼ 5) were kept at the Wilds near Cumberland, Ohio (38.828W, 81.758N). Mares were selected for this study because of research priorities at the two zoological institutions and access to facilities that would allow for ultrasound examinations and urine sample collection. These 17 mares were part of the total Species Survival Plan (SSP) population of 104 animals (n ¼ 34 males and 70 females) at the time this study was initiated [2] . All animals were maintained as part of the zoological population both before and after the study because both institutions participate in the SSP for this species All mares were kept in enclosures ranging in size from 0.5 to 50 acres. Table 1 shows ages, mean kinships, locations, and numbers of foals produced (up to 2007) for all mares used in this study. During endocrine and ultrasound studies, mares were not exposed to a stallion for breeding.
Urine Collection
Urine samples were collected 3 to 7 days/wk from May 2005 to May 2006 for the endocrine study and during the period of ultrasound examinations (June-July 2006 and May-June 2008) using the method described previously [18] . Briefly, freshly voided urine was aspirated with a clean syringe and kept cool (48C) until all samples were collected from all mares. Samples were then placed in labeled glass tubes and centrifuged at 1500 3 g for 15 min (Sorvall RC3B Plus; ThermoFisher Scientific) to remove sediment and dirt. Urine supernatant was then stored in plastic tubes at À208C until analysis was completed. All samples (n ¼ 7517) were collected in the morning hours (0700-1200 h).
Mean Kinship Determination
Mean kinship for all animals in the SSP population is determined each year based on foals produced and which founders are represented in the population. Most captive breeding programs use mean kinship when selecting breeding pairs because it is used to identify genetically important animals. Mean kinship for an individual is calculated as the average kinship between the individual and all other individuals in the population [19] . The formula used for calculating mean kinship for individuals is: 
Enzyme Immunoassay
Creatinine. Creatinine (Cr) levels were determined for each urine sample to adjust for intersample differences in urine concentration, as previously described [20] . Samples that were ,0.1 ng/ml Cr at a 1:10 dilution were discarded (2% of samples). Hormone mass in a urine sample was divided by Cr concentration and expressed as mass of hormone per milligrams of Cr (ng/mg Cr).
Estrogen analysis. Urine samples were diluted (1:5 to 1:2000) in PBS and assayed in duplicate using an enzyme immunoassay as previously outlined [21] . The antiserum (R522; Coralie Munro, University of California, Davis) cross-reacts with estrone-3-glucoronide (100%), estradiol-3-sulfate (66.6%), estrone (238%), estradiol-17b (7.8%), estradiol-3-glucoronide (3.8%), and estradiol-3-sulfate (3.3%). Sensitivity of the assay at maximum binding is 0.78 pg per well. The interassay coefficients of variation (CVs) for the two internal controls were 11.5% (mean binding, 30.3%) and 7.1% (mean binding, 65.6%), and intraassay CV was ,10%. Serially diluted urine samples demonstrated displacement curves parallel to those of standard hormone preparations. Recovery of added standard to urine (y ¼ 0.82x þ 1.07; r ¼ 0.99) demonstrated significance (P , 0.05).
Progestogen analysis. Urine samples were diluted (1:10 to 1:400) in PBS and analyzed in duplicate using an enzyme immunoassay described by Brown et al. [22] . The antiserum (CL425; Coralie Munro) cross-reacts with 4-pregnen-3,20-dione (100%); 4-pregnen-3a-ol-20-one (188%); 4-pregnen-3b-ol-20-one (172%); 4-pregnen-11a-ol-3,20-dione (147%); 5a-pregnan-3b-ol-20-one (94%); 5a-pregnan-3b,20-dione (64%); 5a-pregnan-3,20-dione (55%); 5b-pregnan-3b-ol-20-one (12.5%); 5-pregnan-3,20-dione (8%); 4-pregnen-11b-ol-3,20-dione (2.7%); and 5b-pregnan-3a-ol-20-one (2.5%). Sensitivity of the assay at maximum binding is 0.78 pg per well. The interassay CVs for two internal controls were 13.0% (mean binding, 30.3%) and 6.9% (mean binding, 72.6%), and intraassay CV was ,10%. Serially diluted urine samples demonstrated displacement curves parallel to those of standard hormone preparations. Recovery of added standard to urine (y ¼ 0.99x -0.48; r ¼ 0.99) demonstrated significance (P , 0.05).
Training for Ultrasound Examinations
Because Przewalski's horses are not tame, an intensive 3-mo training period was essential for adapting animals to handling without the use of immobilizing drugs. Briefly, all mares were run through a custom-built chute system with an incorporated hydraulic tamer system (Fauna Research Inc.) that was positioned within the interior of the horse barn. For the first month, mares were worked through the chute system 3 days/wk without being restrained. During the second month, mares moved through the chute system 3 days/wk, and were briefly restrained between the padded squeeze walls and then released. In the third month, mares were restrained and lifted in the hydraulic tamer once per week, but were allowed to pass through the tamer without restraint on the other 2 days. To lift the mares, the padded walls of the tamer were closed to secure the animals sufficiently to permit them to be raised off the ground (;1 foot [0.3 m]) using the hydraulic lift. This procedure provided sufficient immobilization to permit rectal examination. During the study period (5 wk), mares were COLLINS ET AL. restrained 3 days/wk. Mares that were not successfully restrained after three attempts, or mares that were subjectively assessed as appearing too stressed, were released without examination. On the off days (2 days/wk), mares were worked through the chute system as part of their morning routine before being let out to pasture. On weekends, mares were not run through the system. All mares received apple biscuits after leaving the tamer. Mares were worked through the chute system at least 1-2 days/wk as part of their daily routine throughout the entire period of reproductive studies (2006) (2007) (2008) (2009) .
The hydraulic tamer and chute system at the Wilds is incorporated into their veterinary facility. Mares used for the study were moved from their pasture to the veterinary hospital 14 days before the onset of the study. Without preconditioning, these animals were moved through the chute system on days of ultrasound examinations (3 days/wk) during the study periods (5 wk). Mares were lifted with same procedure as above and also released without examination if stressed. On off days and weekends, mares were not worked through the chute system. All mares received morning feed and alfalfa after the ultrasound procedure was performed. Once the study was completed, all mares were returned to pasture with the rest of the herd. To decrease stress, there were always three mares involved in the study so that no animals were by themselves at the veterinary facility.
Ultrasound Examination
Transrectal ultrasound exam was performed 3 days/wk in June-July 2006 (5 wk) and May-June 2008 (5 wk) on Przewalski's mares (SCBI: n ¼ 8; Wilds: n ¼ 1) using a portable B-mode ultrasound (SCBI: Sonovet 2000; Medison America Inc.; Wilds: Aloka 500; Aloka America) equipped with a linear transducer (4-7 MHz). Mares were selected for this study based on availability at institution and willingness to train to the tamer procedure.
Information on ovarian structures (i.e., numbers of follicles, follicle size, and the presence of corpus luteum [CL]) was recorded. Other ovarian structures, such as ovulations and abnormal follicles, were also noted. Hemorrhagic follicles were defined and reported as based on the method described in the domestic mare by Ginther et al. [23] . Characteristics of hemorrhagic follicles included presence of fibrin strands in the follicle 1 day after ovulation with no definitive formation of a CL within 2-3 days of ovulation. Uterine and cervical tones were assessed by transrectal palpation and graded on a scale of 0-3 (cervix: 0 ¼ tight, 3 ¼ relaxed; uterus: 0 ¼ flaccid, 3 ¼ toned). To minimize stress, the total time during which each mare was in the tamer was held to less than 5 min.
Statistical Analysis
Endocrine studies. Yearly baseline concentrations of urinary estrogen and progestogen metabolites for each female were determined using an iterative process [20] . Briefly, values above 2.5 and 2.0 SD of the mean baseline concentrations of urinary estrogen and progestogen, respectively, were removed. The averages were then recalculated, and the elimination process was repeated until no values exceeding the mean 6 2.5 for estrogen and mean 6 2.0 for progestogen remained. Urinary estrogen and progestogen metabolite values were considered elevated if they remained elevated above baseline for 3 and 4 days, respectively.
To standardize profiles, steroid metabolites were aligned to the day of peak urinary estrogen metabolites. Data were analyzed À10 days to þ20 days from peak urinary estrogens to assess an entire reproductive cycle based on a previous study (24.1 days) [18] . To avoid possible influence of the variable number of cycles per female, least square means were calculated for the population. Data are presented as mean 6 SEM and graphed longitudinally using Sigma Plot (Version 11.0; Systat Software Inc.). Length of reproductive cycle was determined by calculating the interval between two urinary estrogen and progestogen peaks. All data were tested for normality and were normally distributed. Days between urinary progestogen and estrogen peaks were then compared using a Student t-test (SAS Version 8; SAS Institute Inc.).
For the descriptive endocrine study, mares were analyzed in total based on 1 yr of urinary data and were classified based on endocrine profiles as cyclic, abnormal, and acyclic (Table 1) . Mares were cyclic if they had a rise in urinary estrogens prior to elevated urinary progestogens, plus discernible interestrus intervals. Abnormal mares exhibited cyclic patterns that were erratic with no regular interestrus pattern. Acyclic mares had little to no urinary hormonal activity throughout the breeding season (March-September). Because abnormal and acyclic mares showed variable or no peak hormone values, mean urinary estrogen and progestogen among the three groups of mares were then compared using Kruskal-Wallis one-way ANOVA followed by the Dunn test for pairwise comparison. Differences were considered significant when P , 0.05.
To determine whether independent factors influenced estrous cyclicity (as assessed using urinary estrogen and progestogen levels), linear regression was used to determine whether the independent variables age, mean kinship, or number of foals produced had an impact on levels of urinary estrogen or progestogen metabolites. All analyses were conducted with SAS (version 9.2).
Follicular-endocrine comparison. Endocrine data for intervals that were time-matched with ultrasound examinations were analyzed as described above, with slight modification in n ¼ 10 mares. For cycling mares (n ¼ 4), 3-day rolling means were calculated for urinary estrogen and progestogen, and these values were compared with corresponding observations of ovarian structures observed by ultrasound. Likewise, 3-day rolling means of follicular size (millimeters) were calculated for ultrasound data. Day 0 was defined as the day of detected ovulation. Data are presented as mean 6 SEM and graphed longitudinally. Because numbers of normal cycling mares were small, many characteristics were recorded descriptively.
RESULTS
Assessment of Gonadal Hormone Metabolites
Baseline endocrine profiles for the Przewalski's mares (n ¼ 19 mares; n ¼ 1064 urine samples) were analyzed from March to September for one breeding season during which no rectal palpations were performed. Based on these profiles, mares were grouped into three categories: cyclic (n ¼ 10 mares; n ¼ 518 urine samples), abnormal (n ¼ 5 mares; n ¼ 228 urine samples), and acyclic (n ¼ 4 mares; n ¼ 304 urine samples). Cyclic mares exhibited an apparent estrogen peak that preceded a temporally associated increase in urinary progestogen (Fig.  1) , and had regular intervals between the two steroid peaks (estrogen, 25.2 6 1.2 days; progestogen, 25.1 6 1.2 days). Hormone profiles for some of the mares that exhibited abnormal estrous cycles are depicted in Figure 2 . Two of the three mares (Fig. 2, a and b) showed no observable rise in progestogen excretion after an estrogen peak. The periovulatory estrogen peak was absent in the third mare, although a brief increase in progestogen excretion was observed (Fig. 2c) . In mare four (data not shown), there was an obvious prolonged peak of urinary estrogen (29 days) followed by no increase in urinary progestogen. For mare 5 (data not shown), there were increases in urinary estrogen followed by an increase in urinary progestogen, but the interprogestogen peaks were variable. For the acyclic mares (n ¼ 4; Fig. 3 ), there were no discernable trends in urinary hormone excretion, and steroid metabolite concentrations (both estrogens and progestogens) remained at the baseline levels in 90% of the samples evaluated. 
ABNORMAL REPRODUCTIVE CYCLES IN PRZEWALSKI'S MARES
In mares with normal endocrine cycles, mean urinary progestogen metabolites increased 7.1 6 0.7 days after the first detectable rise in mean urinary estrogen, and 4.9 6 0.9 days after the mean estrogen peak. The interval of elevated progestogen was consistent among normal mares (range, 9.3-13.3 days), whereas there was considerable variation in duration of time that urinary estrogen remained elevated above baseline (range, 9-18 days). It was also noted that urinary estrogen was increased in three mares (3 [42%] of 7) coincidentally with periods during which urinary progestogen was elevated.
Mean urinary estrogen and progestogen concentrations (Fig.  4) among cyclic, abnormal, and acyclic mares were different (P , 0.05). Urinary estrogen and progestogen concentrations in cyclic mares were significantly higher (P , 0.05; 100.8 6 4.1 and 44.7 6 2.2 ng/mg Cr, respectively) than those of abnormal (77.7 6 3.0 and 41.9 6 3.3 ng/mg Cr, respectively) and acyclic (14.4 6 1.2 and 11.7 6 0.5 ng/mg Cr, respectively) mares. Likewise, urinary estrogen and progestogen concentrations in abnormal mares exceeded (P , 0.05) those observed in acyclic females.
Based on linear regression analysis, mean kinship had a significant effect (r 2 ¼ 0.476; P , 0.05) on mean concentrations of urinary estrogen metabolites in mares analyzed (n ¼ 15). Two mares of unknown pedigree were not included in this analysis (mares 4890 and 4887) because the estimated mean kinship value of 0.500 is assigned to animals of unknown pedigree and it was felt that this would impact the results. As mean kinship value increased, the mean estrogen value decreased (Fig. 5) . Interestingly, no other independent variables (including age) showed an effect on either urinary estrogen or progestogen excretion (Fig. 6) .
Because of the small number of animals included in this study, a posthoc power analysis was conducted. Four variables were assessed using regression on a sample size of 15. With a significance level of 0.05, the power was equal to 0.64. Although this level of power is lower than 0.80, which is what is considered ideal, for a sample size of 15 this result indicates that our findings are significant.
Ultrasound Data
A total of 268 ultrasound examinations were performed on nine Przewalski's mares in 2006 and 2008. Based on these data, mares were also classified into three groups: cyclic, abnormal, and acyclic. Cyclic mares had follicular development with regular patterns and appeared to ovulate normally. Abnormal mares showed follicular growth that resulted in the development of hemorrhagic follicles. Acyclic females showed no follicular development or ovulations. Regular ovarian cycle patterns were detected in four (4 [44.4%] of 9; n ¼ 120 palpations) mares with normal follicular development; one had cyclic patterns with abnormal structures (1 [11.1%] of 9), one exhibited a normal cycle in one study period and was abnormal in the other (1 [11.1%] of 9), and three mares (3 [33.3%] of 9; n ¼ 12 palpations) experienced no follicular activity throughout the study. Ovaries were noticeably smaller in acyclic mares (20 
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3 10 mm), with no detectable follicular structures and small, flaccid uteri (tone 0 of 3). Normal mare ovaries varied in size depending on follicular activity but ranged from 50 to 60 mm 3 25 to 40 mm. Ovaries in abnormal mares were comparable in size with those from normal mares.
Urinary estrogen concentrations increased with increased follicular diameter (Fig. 7) . In the nine cycles analyzed, two (22.2%) of the mares had double ovulations: one synchronous and another asynchronous. Among all mares, a urinary estrogen peak was detected during the interval extending from 2 days before to 4 days after ovulation (mean, À0.4 6 0.6 days), and urinary progestogen peaked 0-6 days after detected ovulation (mean, 1.9 6 0.8 days). Interovulatory cycles were detected in three instances whereby mares exhibited two separate ovulations across a 5-wk interval. In these instances, the ovulation-to-ovulation interval was 22.2 6 0.9 days (range, 21-24 days). Average follicle size at ovulation among all mares was 40.4 6 8.9 mm (range, 31-48 mm; n ¼ 14 observations). Dominant follicles, defined as a follicle .30 mm in diameter in the absence of a CL, grew at a rate of 1.2 6 0.6 mm/day (range, 0.5-2.7 mm) during a period of 9.2 6 0.4 days (range, 8-11 days) before reaching ovulation. The duration of a detectable CL on the ovary by rectal ultrasound was 12.2 6 0.9 days.
There was no difference (P . 0.05) between the number of days during which a CL was detected by ultrasound compared with the duration when urinary progestogen was increased above baseline. There also was no significant difference (P . 0.05) between interestrous intervals estimated using either endocrine monitoring (i.e., urinary estrogen or progestogen peaks) or ovulation detection by ultrasonography.
DISCUSSION
This was the first study to combine assessments of reproductive steroids with direct observations of follicular dynamics to classify ovarian cycles in the Przewalski's horse. Results indicated that 50% of mares either exhibited abnormal estrous cycles or were acyclic. Of major significance, we determined that abnormal cycles and acyclicity appear to be linked to loss of genetic diversity in this species. Longitudinal patterns of urinary estrogen excretion were assessed previously to establish that the Przewalski's mare is a seasonally polyestrous breeder [18, 24, 25] . Our additional longitudinal assessments of urinary progesterone excretion and serial ultrasonography revealed new insights into the estrous cycle of the Przewalski's mare, such as the presence of follicular waves during diestrus, the development of hemorrhagic follicles, and a follicular pattern that is similar to that of the domestic mare. Our study highlighted the importance of specialized facilities and behavioral preconditioning for manual restraint and serial ultrasonography in unsedated mares. These basic, yet essential steps serve as a model for developing the capacity to conduct detailed reproductive investigations in intractable wildlife species.
The estimated interestrous interval and estrous cycle length derived from this study using multiple, independent measures (i.e., urinary estrogen, progestogen, and ultrasound) were similar to what has been previously reported [16] . Estrous cycle 
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length slightly exceeds those reported for the domestic mare, which typically lasts 21-22 days (range, 18-24 days) [11] , although many pony breeds exhibit estrous cycles in the range of 24-26 days [10] . The variability in estrous cycle duration in domestic mares is often attributed to the length in estrus, whereas diestrus appears to remain relatively constant at approximately 14 days [10] . Similar to the domestic horse, the period of increased urinary progestogen metabolites was relatively constant in Przewalski's mares (9-13 days), whereas the period of increased urinary estrogen metabolites was more variable (9-18 days).
In normal cycling mares, urinary progestogens increased 7.1 6 0.7 days after an increase in urinary estrogens. Despite the limited numbers of mares assessed, there was little variation among individuals (range, 6.8-8.8 days). Ultrasound data were consistent with the estimates derived from endocrine assessments, and the interval from the first significant increase in estrogen to ovulation was 6.4 6 1.3 days. These data are 
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especially important because they validate the use of urinary estrogen monitoring as a tool for identifying the most appropriate time for performing AI, a procedure that has been used successfully in other wildlife species, such as the giant panda (Aiuropoda melanoleuca) [13] and the bottlenose dolphin (Lagenorhynchus obliquidens) [26] , to augment genetic and demographic management of the species.
In a substantial number of normally cycling mares (2 [20%] of 10 with hormone monitoring only; 3 [75%] of 4 with hormone monitoring plus ultrasound), urinary estrogen metabolites were increased coincident with periods of elevated progestogen excretion. For the subset subjected to ultrasound examination, a secondary wave of follicular growth was confirmed in the presence of a CL. These findings agree with previous findings by Monfort et al. [18] , where a secondary rise in urinary estrogens occurred 4-8 days after peak in urinary estrogens. In the domestic mare, urinary estrogens also increase 4-7 days after ovulation [10] .
Based on rectal ultrasound, the growth rate of follicles (1.2 6 0.2 mm/day; range, 0.66-2.67) was lower than that previously determined for this species (3-5 mm/day) [25] and also lower than the domestic horse, in which follicles increase 3 mm/day from Days À5 to À2, and remain static until 12 h before ovulation [27] . In the present study, for the final 2-4 days before ovulation, follicle size actually decreased in 33% (3 of 9) of cycles, whereas size increased in 55% (5 of 9) of the cases. We speculate that the differences observed here relative to previous results [25] may relate to the increased number of mares examined (nine vs. two mares) and the frequency of examinations (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) examinations per mare in a 5-wk period vs. 7 examinations per mare in a 3-mo period) in the present study. Nevertheless, the overall sample size for both studies is small, and additional research is needed to clarify the time course and dynamics of follicular growth in this endangered species.
In most species, a dominant follicle produces estrogen under stimulation of follicle-stimulating hormone and luteinizing hormone [28] . In many ungulate species, such as the cow, ewe, and sow, the period of estrus is short (15, 30 , and 50 h, respectively [28] ). However, in the domestic horse, estrogens increase during a period of at least 5 days coincidentally with follicular growth [10, 25] . In the present study, urinary estrogens were elevated (7.8 6 0.6 days prior to ovulation) in parallel with increased follicular diameter, which suggests that the follicular-endocrine dynamics in the Przewalski's mare are similar to the domestic horse.
Like the domestic horse [10, 11, 27] , most Przewalski's mares in the present study ovulated only one follicle in each cycle (7 [77.8%] of 9), whereas a minority of mares (2 [22.2%] of 9) exhibited double ovulations. Although the sample size was small, 22.2% double ovulations is high compared with the domestic horse but similar to the proportion observed in Thoroughbred mares, which generally show the highest percentage of double ovulations among domestic mares (15%-25%) [10, 11, 28] . In the present study, a synchronous double ovulation was observed in a single mare, with ovulation synchrony of ,1 day. Another mare exhibited an asynchronous double ovulation with a 2-day interval. Interestingly, elevated urinary estrogen excretion persisted until after the second ovulation. There are many factors that could be responsible for double ovulations in mares, including increased sensitivity to gonadotropins, genetics, age, and season [10, 11, 29] . In the present study, both mares were older than 15 yr, and this finding provides incentive for further exploring the relationship between age and ovarian function. 
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Our analyses revealed that urinary estrogen excretion peaked À0.4 6 0.6 days from ovulation, although there were substantial variations among mares (À3 to þ4 days). By comparison, serum estrogen in the domestic mare peaks 2 days before ovulation, but among-animal variation is also reported to be high [30] . Species differences in timing of the preovulatory estrogen peak may be an artifact of the time lag (.24 h in the horse) between the secretion of estrogen in blood circulation and the excretion of its metabolites in voided urine [31] . Urinary progestogen increased 2.2 6 1.9 days after urinary estrogen peak, but among-animal variation was substantial (range, 0-6 days after ovulation). Understanding the timing of ovulation in relation to the urinary estrogen peak could provide important information for attempting breeding by AI, especially in institutions that do not have access to handling facilities for large ungulates that were available for the present study.
Most research to date has shown that inbreeding in males has direct links to decreased sperm quality, including morphology [3] [4] [5] and, more recently, DNA integrity [6] . However, information on the influence of gene diversity on female reproduction has been more limited. Recent studies in humans have indicated that females experience subfertility due to disruption of genes, such as kisspeptin, which is involved in regulation of fertility through regulation of GnRH [7] . Recently these genes have been detected in domestic species [8, 32] ; therefore, it is possible that similar mutations could be occurring in the Przewalski's horse. Detailed descriptions of follicular and endocrine traits in Przewalski's mares studied across two locations revealed that a high proportion of mares exhibited abnormal ovarian cycles. Although our study size is small, we provide empirical evidence to suggest that inbreeding (i.e., increased mean kinship) may be responsible for alterations in ovarian function, including estrogen production, which ultimately impairs fertility in Przewalski's mares. For managed populations, breeding recommendations based on mean kinship still seem warranted; however, it appears that much more emphasis needs to focus on offspring production in genetically valuable mares that may already be experiencing infertility associated with inbreeding. Because a high proportion of females in the North American Przewalski's horse population exhibit little reproductive activity, we suggest that future studies should assess whether the lack of heterozygosity in this population has led to genetic mutations that are potentially impacting reproductive fitness.
Although Przewalski's horse reintroductions to date have been successful, recent die-offs in the Gobi B Takhi Project in Mongolia (S. Monfort, personal communication) reinforce the continued importance of captive horse populations as vital insurance against unanticipated catastrophes, and as a continuing source of animals for future reintroduction. However, zoobased genetic management schemes have already failed to stem the loss of gene diversity over timespans of only a few decades [33] . In a recent analysis of 87 managed populations, only 48% were capable of sustaining current population numbers, and only 55% were retaining gene diversity at or above 90% of founder stock [33] . The Przewalski's horse in situ population is already depleted (i.e., 78% gene diversity), and concerted efforts are necessary to prevent further losses of gene diversity. Without a paradigm shift there is little hope that the genetic diversity of the ex situ insurance populations can be sustained through the hundreds or even thousands of years that these animals may be required to support wild populations. We contend that this provides a huge incentive to conduct much more basic science aimed at understanding the relationships between gene diversity, age, and fecundity in small populations.
